Abstract: This study investigated the impact of organically grown cereals on the level of free asparagine (Asn) with simultaneous consideration of grain yields and flour qualities over three growing seasons in Germany. Additionally, the relation of free Asn and acrylamide (AA) was investigated. By including free Asn results of a second trial site, heritability of the trait free Asn was calculated. Free Asn was significantly influenced by species and within species by cultivars. Rye showed the highest free Asn amount, followed by einkorn, emmer, wheat, and spelt. Replacing rye with spelt would reduce free Asn by 85%. Cultivars differed in free Asn by up to 67% (wheat), 55% (spelt), and 33% (rye). Year significantly influenced free Asn levels. Heritability was high for wheat and spelt concerning locations, but regarding years, heritability was low for wheat but high for spelt and rye. For organically grown cereals, the relation between free Asn and AA formation has never been investigated. Across species and years, a correlation of R 2 = 0.69 *** was found. Thus, free Asn can serve as an indicator for AA formation. In conclusion, the level of free Asn can be highly influenced by proper selection of species and cultivars.
Introduction
As a consequence of the carcinogenic potential of acrylamide [1] formed by heating carbohydrate-rich food materials such as cereals [2, 3] , the European Commission in 2017 has announced a regulation aiming to reduce the level of acrylamide (AA) in food products like cereals and potatoes [4] . Since April 2018, the food industry and gastronomy in Germany faces AA mitigation strategies and benchmark levels.
Besides reducing sugars, free Asn is known to be the main precursor for AA in food. Both sugar and free asparagine (Asn) react during the Maillard reaction to form AA [5] [6] [7] [8] [9] .
However, after intensive research, several food processing measures have turned out to effectively lower the levels of AA [10] [11] [12] [13] . Unfortunately, changes in processing measures often lead to impairment of taste, colour, and texture, or are cost expensive and thus could reduce consumer acceptance, which necessitates additional strategies. 
Site Conditions at the Experimental Sites
The field trial at Dörrmenz was carried out on shell lime derived soils with a soil texture of 
Experimental Design
Nineteen winter wheat (Triticum aestivum L.), seven winter spelt (Triticum aestivum ssp. Spelta L.), and two winter rye cultivars (Secale cereale L.), mostly specified as organic cultivars, were grown under organic farming conditions at Dörrmenz over three consecutive growing seasons (2006) (2007) (2008) . In addition, ten rye, three einkorn (Triticum monococcum L.), and two emmer cultivars (Triticum dicoccum Schranck) were organically grown in single years (see Table 1 ). For analyzing the heritability 
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Experimental Design
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At both locations, all cultivars were tested in a randomized complete block design (plot size 1.5 × 12 m) with three replicates. To avoid neighbouring effects between the different species, species were separated by a border plot with a width of 1.5 m. Species groups were randomly placed in each block, and within each species group, cultivars were arranged randomly.
Experimental Performance
At both locations, seed bed preparation in autumn took place with a power harrow followed by primary tillage with a moldboard plough (25 cm depth).
Sowing 
Yield
Grain yield was determined by weighing plot yield. Grain samples were dried at 105 • C for 24 h to determine grain moisture. Given grain yields refer to 86% dry matter content.
Flours
For the determination of quality parameters, the determination of free Asn and the AA formation potential, grain samples were milled on a laboratory mill (Quadrumat Junior, Brabender, Duisburg, Germany). Ash content of flours was approximately 0.5% of flour-DM. Flour moisture was calculated from the weight loss before and after drying of approximately 5 g flour at 105 • C for 24 h.
Crude Protein Content
Total grain nitrogen content was determined by Near-Infrared-Spectroscopy (NIRS, NIRS 5000, FOSS GmbH Rellingen, Germany). Calibration samples were analyzed according to the Dumas Method [32] using a Vario Max CNS analyzer (Elementar, Hanau, Germany). The final nitrogen content was multiplied by a factor of 5.7 for wheat samples [33] and 6.25 for all other samples.
Zeleny's Sedimentation Test
Zeleny´s sedimentation test was determined by using 3.2 g flour according to ICC standard No. 116. The sedimentation values of the flours were adjusted to 14% moisture basis.
Hagberg Falling Number
The Hagberg falling number was determined according to ICC standard No. 107 using a PerCon 1600 Falling Number machine (PerCon, Hamburg, Germany), using 7 g of flour (weight adjusted for moisture concentration to 15%).
Free Asparagine
Free asparagine was extracted from either 2 g of wheat, spelt, einkorn or emmer flour or 1 g of rye flour. Samples were mixed with 8 mL of 45% ethanol for 30 min at room temperature. After centrifugation for 10 min at room temperature with 4000 rpm and 10 min at 10 • C and 14,000 rpm,
6 of 17 the supernatant was filtered through a 0.2 µm syringe filter and transferred into vials. Asparagine analysis was performed using Merck-Hitachi HPLC components. The pre-column derivatization with FMOC [34] was completely automated by means of an injector program. Subsequently, the derivatized Asn was separated on a LiChroCART Superspher RP 8 column (250 mm × 4 mm, Fa. Merck, Darmstadt) at a constant temperature of 45 • C. The fluorescence intensity of the effluent was measured at the excitation and emission maxima of 263 and 313 nm.
Acrylamide Formation Potential
The AA formation potential of cereal flour was assessed according to the AA contents of 5 g flour in 250 mL Erlenmeyer flasks after heating in an oven for 10 min at 200 • C. Due to the complexity of the acrylamide analysis, sample size was reduced to an overall number of 21 samples (8 winter wheat, 5 winter spelt, 5 winter rye, 1 einkorn, and 1 emmer sample).
Sample preparation was accomplished according to test procedure 200L05401 [35] of the Chemische und Veterinäruntersuchungsamt (CVUA) Stuttgart.
After cooling down to ambient temperature, 100 mL of bidestilled water and 100 µL of D 3 -Acrylamide were added as an internal standard to the heated flour samples in the Erlenmeyer flasks. To completely extract acrylamide from the flour, samples were put in an ultrasonic bath for 10 minutes at 40 • C. After adding 1 mL of Carrez I and II to each of the samples and shaking the flasks thoroughly, the samples were filtered using folded filter paper to separate the colloids and flour particles from the aqueous solution. Subsequently, samples were cleaned up by a solid phase extraction in a vacuum chamber after preconditioning the cartridges with 10 mL of bidestilled water and 10 mL methanol. After sample clean up, about 1 to 2 mL of the eluate from each sample was filled in an autosampler vial and was deep frozen (−18 • C) until AA was determined by LC-MS-MS by the CVUA according to test procedure 201L01301 [36] . The eluates were separated by a graphite or RP18-phase and detected by tandem-mass-spectrometer. Quantification was undertaken by using the isotope-labelled internal standard (D 3 -Acrylamide).
Statistical Analysis
Yield and quality data (crude protein, falling number, sedimentation value), as well as free Asn of the location Dörrmenz were subjected to analysis of variance (ANOVA) using the Procedure MIXED from the statistical software package SAS 9.1. (SAS Institute Inc., Cary, NC, USA). When necessary, data was in-or square root-transformed, to stabilize normal distribution and homogeneity of variance. A comparison of means was accomplished using the t-test.
ANOVA was done in two steps: in a first step, the main effects year, species, cultivars, and interactions were investigated. In a second step, crop species were analyzed separately for determining potential cultivar differences depending on year. For the parameter AA, no statistical analysis was undertaken as, only single samples from one field replicate were selected for analysis. The impact of year, species, and cultivar ANOVA was only analyzed for Dörrmenz.
Heritability of the trait "free Asn content" was calculated from the variances according to Miedaner [37] for Dörrmenz in the years 2006, 2007, and 2008 and for Dörrmenz and Kleinhohenheim in 2008. In this context, the impact of location on free Asn was only used for the heritability.
Results and Discussion

Grain Yield, Quality and Free Asn
Note: Except for chapter "Impact of locations on free Asn, Heritability", all results refer to the Dörrmenz location.
Grain yield, crude protein, and free Asn content at Dörrmenz were significantly influenced by species and year, as well as by their interaction (Table 2) . Within the cereal species wheat and spelt, cultivar, year, and the interaction between cultivar and year affected grain yield, quality, and the Asn content considerably (Table 3) . However, grain yield of wheat was not affected significantly by the cultivar × year interaction. Winter rye grain yield was significantly affected by cultivar and year but not by their interaction. Falling number of rye was neither effected by cultivar and year nor by their interactions. Free Asn of the tested rye cultivars was only affected significantly by year but neither by cultivar nor by the cultivar × year interaction (Table 3) .
Especially year had a crucial impact on yield, quality, and Asn content. Grain yields of all species were generally low due to the low-input crop management (nutrient supply, and the omission of any weed control). While average grain yields across years varied less between winter wheat, winter spelt, and winter rye (from 3.5 t ha −1 of wheat to 3.8 t ha −1 of spelt), the yield potential of einkorn was about 1 t ha −1 and that of emmer about 0.5 t ha −1 lower (Table 4) .
Crude protein contents were highest for spelt (mean 12.7%) and einkorn (mean 14.1%), while rye reached levels of around 7.7%. Winter wheat and emmer showed average protein contents of 10.6% and 11.2%. According to Brunner [38] , crude protein contents of at least 10.5% for organically produced wheat and 11% for organically produced spelt are required to provide acceptable baking quality. Thus, mean values obtained within this work should offer a sufficient baking quality for organically produced wheat flour. Nevertheless, under organic farming, protein contents are known to be generally lower than under conventional farming [39] . As a consequence, bread bakery processing has to be adapted to the lower protein contents [40] to achieve acceptable organic bakery products.
According to Haglund et al. [40] dough from wheat flours with protein contents lower than 12% needs a longer dough mixing time. At crude protein levels below 8%, it was found that it was difficult to form an acceptable bread volume. Consequently, bakers are required to adjust their processing conditions for flours of organic origin. The sedimentation value, a further parameter to describe the baking quality, was determined from wheat samples and differed significantly between years, but in a very close range between 31 and 36 mL. Brunner [38] recommended that a range of 30 to 45 mL is needed for wheat, thus the achieved mean sedimentation values would fulfil processors requirements.
A low falling number gives evidence of pre-sprouting, and in consequence leads to an increased free Asn level due to an increased protease activity [5, 41] . Falling number as a parameter to assess starch quality of bread rye lots was only marginally affected by year, ranging from 217 to 245 s. Values were within the required range [38] for which no impairment of baking quality is expected. Table 3 . F-values and p-values for main effects, cultivar, year, and interactions between factors on grain yield (GY), crude protein content (CP), sedimentation value (SV), falling number (FN), and free Asn content of flours in dependence of the species. Because only one cultivar of einkorn and emmer was cultivated during years both species were excluded for statistical analyses (α = 0.05, t-test).
Winter Wheat
Winter Spelt Winter Rye The potential to accumulate free Asn varied clearly between the species, with rye having the highest average Asn level across years of about 43 mg flour-DM, followed by einkorn with about 32 mg, emmer with about 16 mg and wheat and spelt with about 10 mg and 8 mg 100 g −1 flour-DM, respectively, across all years. Fredriksson et al. [42] , Elmore et al. [43] , and Claus et al. [5] reported up to 3 or 4 times higher free Asn levels in rye compared to wheat or spelt. This corresponds well with data obtained in this study for cereals produced under organic conditions. Therefore, the AA formation potential of bakery goods made from rye flour is considered to be higher than from wheat or spelt [5, 43] independent of the cropping system. In contrast, studies of Curtis et al. [6] showed that AA formation in heated flour per unit Asn was much lower in rye than in wheat flour, suggesting that the higher Asn level compared to wheat does not inevitably mean that rye has a higher AA formation potential per se. In our study, however, AA formation potential was strongly correlated to the level of free Asn, as it was highest for rye and einkorn.
Within species grain yield of wheat and spelt varied only marginally between cultivars (cv). The mean standard deviation was only 0.38 t ha −1 , whereas year influenced grain yield much more, causing variations of up to 49% between years.
Wheat [44] investigated the effect of weather conditions on protein concentration of wheat cultivars for 21 years. They described that climatic conditions, especially temperature, during grain filling had a high impact on grain protein level of wheat. For spring wheat, they found differences of 34% concerning crude protein concentration. Thus, crude protein content obtained during this work was most likely influenced by weather conditions and cultivars.
Wheat sedimentation values varied depending on cultivar from 24 mL in 2007 to 43. No comparison of cultivars from einkorn and emmer concerning quality parameters could be made as only one cultivar of each species was grown.
The level of free Asn for wheat was significantly influenced by cultivar and year (Table 3 , Figure 2A ). In general, the amount of free Asn varied between 5 and 22.4 mg 100 g −1 . Similar ranges are seen in other studies: Claus et al. [5] found a range of 8.7 to 24.9 mg Asn 100 g −1 in a variety of conventionally produced winter wheat cultivars. Stockmann et al. [45] investigated a variation of organically grown wheat cultivars and found significant differences between cultivars in their Asn level ranging from 8 to 14 mg 100 g −1 . Also, Taeymans et al. [22] investigated free Asn levels of a range of wheat cultivars mostly grown under European (UK) conditions during 2002. They found a broad range of 7.4 to 66.4 mg 100 g −1 including a five-fold difference between cultivars and a mean of 22 mg 100 g −1 . The level of free Asn within a set of 150 wheat cultivars was analyzed as wholemeal by Corol et al. [25] . The difference between cultivars were up to 5-fold. The high variation found by Taeymans et al. [22] and Corol et al. [25] could have been caused by including grain samples from various locations across Europe, as Curtis et al. [18] found that climatic conditions can influence the level of free Asn significantly. Also, stress conditions like plant disease and water limitations can have an impact on free Asn synthesis. Curtis et al. [28] realised that fungicide treatment can reduce the level of free Asn. As all cereal samples in this study were grown under organic farming conditions stress factors like diseases could have contributed to a higher variation in the level of free Asn.
Across years, cv Akteur was found to accumulate the lowest amounts of free Asn (6.9 mg 100 g −1 ), while cv Arctur reached the highest average value of 13.8 mg 100 g −1 . Although the level of free Asn was generally influenced by year, Asn contents in some cultivars were more or less stable over all years (year-to-year variation < 2 mg 100 g −1 flour-DM: Akteur, Clivio, Spieß HS 154, Spieß HS 226, Tengri and Wenga). However, some cultivars were highly susceptible towards year-to-year effects (year-to-year variation > 6 mg 100 g −1 flour-DM: Ataro, Capo, Karneol, Laurin, Magister, Naturastar). A third group of cultivars showed Asn contents varying between years in the range of 2 and 6 mg 100 g −1 flour-DM (Cassia, Arctur, Aszita, Bussard, Pollux, Scaro, and Wiwa). Hence, selecting or breeding cultivars with low to medium Asn levels and a robust response towards varying climatic conditions seems a more suitable measure to lower AA formation potential in the long term, while selecting cultivars with the lowest Asn contents in single years may be a short-term solution.
The free Asn level of wheat differed between cultivars by up to 50% across years and up to 67% within single years. Assuming a linear increase of AA with increasing contents of Asn in the flour [5] , choosing a proper cultivar could halve free Asn levels and thus minimize AA formation during processing considerably.
In regard to wheat, the amount of free Asn in spelt flour was significantly affected by cultivar and year (Table 3, Figure 2B The level of free Asn for wheat was significantly influenced by cultivar and year (Table 3 , Figure  2A ). In general, the amount of free Asn varied between 5 and 22.4 mg 100 g −1 . Similar ranges are seen in other studies: Claus et al. [5] found a range of 8.7 to 24.9 mg Asn 100 g −1 in a variety of conventionally produced winter wheat cultivars. Stockmann et al. [45] investigated a variation of organically grown wheat cultivars and found significant differences between cultivars in their Asn level ranging from 8 to 14 mg 100 g −1 . Also, Taeymans et al. [22] investigated free Asn levels of a range of wheat cultivars mostly grown under European (UK) conditions during 2002. They found a broad range of 7.4 to 66.4 mg 100 g −1 including a five-fold difference between cultivars and a mean of 22 mg 100 g −1 . The level of free Asn within a set of 150 wheat cultivars was analyzed as wholemeal by Corol et al. [25] . The difference between cultivars were up to 5-fold. The high variation found by Taeymans et al. [22] and Corol et al. [25] could have been caused by including grain samples from various locations across Europe, as Curtis et al. [18] found that climatic conditions can influence the level of free Asn significantly. Also, stress conditions like plant disease and water limitations can have an impact on free Asn synthesis. Curtis et al. [28] realised that fungicide treatment can reduce the level of free Asn. As all cereal samples in this study were grown under organic farming conditions stress factors like diseases could have contributed to a higher variation in the level of free Asn. Across years, cv Akteur was found to accumulate the lowest amounts of free Asn (6.9 mg 100 g −1 ), while cv Arctur reached the highest average value of 13.8 mg 100 g −1 . Although the level of free Asn was generally influenced by year, Asn contents in some cultivars were more or less stable over all years (year-to-year variation < 2 mg 100 g −1 flour-DM: Akteur, Clivio, Spieß HS 154, Spieß HS 226, Tengri and Wenga). However, some cultivars were highly susceptible towards year-to-year effects (year-to-year variation > 6 mg 100 g −1 flour-DM: Ataro, Capo, Karneol, Laurin, Magister, Naturastar). Information about free Asn of spelt in the literature is rare. Claus et al. [5] reported amounts of conventionally produced spelt cultivars of 6.5 to 12.2 mg 100 g −1 and by this, a somewhat smaller range than in our study. Similar results were found by Corol et al. [25] as the range of free Asn of spelt cultivars ranged from 0.60 to 0.79 mg g −1 DM in wholemeal flour.
To date, no previous studies have investigated einkorn and emmer for their amount of free Asn in white flour. Corol et al. [25] analyzed free Asn in einkorn and emmer but the samples were cropped under conventional cropping conditions and free Asn was analyzed in wholemeal. Thus, a comparison with our results is difficult. Nevertheless, the study showed that between six cereal species, einkorn reached the highest level of free Asn with 1.12 mg g −1 DM.
In our study, einkorn showed high Asn contents when compared to wheat of up to 40 mg Asn 100 g −1 ( Figure 2B ). It ranged from 25.5 mg Asn 100 g −1 in 2006 (cv Saffra) to 40 mg Asn 100 g −1 (cv Terzino) in 2008. This high level was otherwise only found in rye samples. With a mean of 15.7 mg Asn 100 g −1 , emmer cultivars showed comparable amounts when compared to wheat and spelt. Consequently, if einkorn is supposed to be used for preparing bread and rolls, high levels of AA in the final product are expected.
For rye there was no significant cultivar-dependent effect on free Asn, while year affected the Asn content significantly (Table 3, Figure 2C ). While the average Asn levels across cultivars were comparable in 2006 and 2007 with about 30 mg 100 g −1 flour-DM, the levels more than doubled in 2008 with an average of 67 mg 100g −1 flour-DM.
These results are in agreement with studies of [5] who investigated the amount of free Asn in two rye cultivars and obtained a mean of 42.6 mg 100 g −1 . In studies by Springer et al. [46] , a similar range was found with rye cultivars varying between 31.9 and 79.1 mg 100 g −1 . Studies by Stockmann et al. [45] , who investigated the impact of cropping systems on free Asn, also found that rye cultivars had no significant impact on free Asn content no matter which cropping system was examined. A significant year impact was, however, present for conventionally treated cultivars. They found a free Asn content ranging from 31.5 to 52.3 mg Asn 100 g −1 for conventionally cropped samples and from 30.1 to 35.9 mg 100 g −1 for organically treated samples. Thus, it seems that lowering free Asn by choosing rye cultivars low in free Asn will be of minor relevance to reduce AA.
Overall, the amount of free Asn was highly influenced by species and cultivars. However, it has to be considered that abiotic factors can affect Asn levels as well, as shown for wheat by Curtis et al. [18] and for rye by Curtis et al. [6] . Until now, information on how soil type, temperature, and precipitation affect grain-Asn accumulation is lacking [47] . Investigations of Corol et al. [25] revealed that free Asn was increased if temperature was higher and precipitation was low during grain filling. In our study, temperature in June and July was similar across years and locations (see Figure 1 ), but during June and July rainfall was much lower in 2008 compared to 2006 and 2007 (see Figure 1) . Therefore, we assume that the level of free Asn in our study was significantly influenced by year. However, as the main objective was to detect and breed cultivars with a low susceptibility to climatic conditions, cultivars with only a weak response year-to year variations (e.g., cv Wenga with a standard error across years of 0.1) are promising to effectively reduce the AA-formation potential by proper cultivar selection.
Therefore, cultivars should be tested over several years at different locations before recommendations can be made for breeding programs targeted towards lowering the AA precursor contents.
Correlation of Crude Protein, Free Asn, and AA
Free Asn is the critical factor for AA formation during processing of cereal-based bakery products [13] . Asn contents in flour of conventional origin correlated almost linearly with the AA content in heated flour or in breads [5, 6] .
The results of this work corresponded well with these findings as, averaged over species and cultivars, free Asn and AA correlated well with R 2 = 0.69 ***. The same was found if species were separated, as AA formation was correlated with free Asn (wheat R 2 0.66 *, spelt R 2 0.83 n.s. , rye R 2 0.64 n.s. ).
However, cultivars with a high baking quality do not inevitably have to be linked with having high Asn contents and therefore a high AA formation potential. This is suggested by the weak correlation found between crude protein and free Asn contents across species (R 2 : 0.07 n.s. ) and within wheat (R 2 0.00005 n.s. ). This is also proven by studies of Ohm et al. [48] . They found a negative correlation between baking quality parameters and free Asn within a set of hard red spring wheat cultivars. In contrast, crude protein and free Asn correlated within spelt by R 2 0.4 ** and rye by R 2 0.79 ***. The close correlation between crude protein and free Asn of rye could have been caused by higher nitrogen availability as crude protein was around 1 to 2% higher in 2008 than the other years, leading to levels of free Asn approximately twice as high. As crude protein has a low relevance for baking quality of rye, choosing cultivars low in free Asn is not thought to affect the baking quality of rye.
The results show that cultivars combining high or acceptable baking quality and low Asn contents are already available, and that the AA formation potential could further be lowered by selecting and cultivating appropriate cultivars. Figure 3 shows a close correlation for wheat and spelt regarding locations, meaning that the ranking of the tested cultivars concerning their Asn contents was comparable at both locations, although the absolute contents varied at least partly. For the tested rye cultivars, the correlation of Asn levels was weaker than for wheat with R 2 = 0.38.
Impact of Location on Free Asn, Heritability
cultivars, free Asn and AA correlated well with R = 0.69 ***(data not shown). The same was found if species were separated, as AA formation was correlated with free Asn (wheat R 2 0.66 *, spelt R 2 0.83 n.s , rye R 2 0.64 n.s , data not shown . ).
However, cultivars with a high baking quality do not inevitably have to be linked with having high Asn contents and therefore a high AA formation potential. This is suggested by the weak correlation found between crude protein and free Asn contents across species (R 2 : 0.07 n.s , data not shown) and within wheat (R 2 0.00005 n.s. , data not shown). This is also proven by studies of Ohm et al. [48] . They found a negative correlation between baking quality parameters and free Asn within a set of hard red spring wheat cultivars. In contrast, crude protein and free Asn correlated within spelt by R 2 0.4 ** and rye by R 2 0.79 ***. The close correlation between crude protein and free Asn of rye could have been caused by higher nitrogen availability as crude protein was around 1 to 2% higher in 2008 than the other years, leading to levels of free Asn approximately twice as high. As crude protein has a low relevance for baking quality of rye, choosing cultivars low in free Asn is not thought to affect the baking quality of rye.
The results show that cultivars combining high or acceptable baking quality and low Asn contents are already available, and that the AA formation potential could further be lowered by selecting and cultivating appropriate cultivars. Figure 3 shows a close correlation for wheat and spelt regarding locations, meaning that the ranking of the tested cultivars concerning their Asn contents was comparable at both locations, although the absolute contents varied at least partly. For the tested rye cultivars, the correlation of Asn levels was weaker than for wheat with R² = 0.38. This was well-supported by the calculated heritability for the free Asn concentration of wheat cultivars grown at the Dörrmenz location compared to the Kleinhohenheim location in 2008. The calculated heritability value is, in general, an indicator to which extent a factor, e.g., level of free Asn, is genetically determined or influenced by environmental conditions [37] . Heritability close to 1 indicates a high impact of the genotype, whereas a low heritability (close to 0) shows a high impact of the environment. Wheat and spelt showed a very high heritability of 0.79 and h 2 0.91. Thus, the level of free Asn seemed to be bound closely to the cultivar. This was also expressed in the small variation of Asn contents between the two locations as free Asn levels changed only by 15% for wheat and 3% for spelt. In contrast, heritability for rye was 0.31 and the variation between locations regarding free Asn was about 32.8%.
Impact of location on free Asn, Heritability
A different outcome concerning heritability was obtained comparing the years at the Dörrmenz location. For wheat, a heritability of only 0.23 was found, whereas for spelt and rye, a higher impact of the cultivar was found with 0.67 for rye and 0.71 for spelt.
Investigations of Corol et al. [25] showed that genotype only had a minor effect on variation of free Asn within 26 wheat lines tested at different locations in Europe grown 2005 to 2007. Only 13% of variation in free Asn could be explained by the genotype, while 36% was the result of the environment. This is in contrast to our studies. The reason can be that the locations within the study of Corol et al. [25] were much more different. The tested wheat lines were cultivated in UK, France, Poland, and Hungary and thus growing conditions (climate conditions, soil type, cropping methods) were highly different.
In our studies, cultivars were grown at only two locations. This leads to the assumption that, if locations are similar, heritability will be much higher.
However, a high genotypic impact on the degree of free Asn accumulation is the prerequisite for the significance of cultivar selection or targeted breeding efforts to lower Asn storage in cereal grains and therefore to lower AA in cereal-based bakery ware.
Thus, further experiments aiming at elucidating significant climatic or soil-specific factors on Asn accumulation are necessary to better understand the role of site-specific conditions and genotype on Asn accumulation in grains.
Conclusions
This study aimed to evaluate the free Asn levels in flours of winter wheat, winter spelt, winter rye, winter einkorn, and winter emmer grown under organic farming practices. Results indicated that the level of free Asn can be highly influenced by proper selection of species and cultivars. The effect was most noticeable if rye was replaced by spelt, as the free Asn amount was lowered by up to 85%. Organically grown spelt reached the lowest level of free Asn, while einkorn obtained free Asn contents similar to rye. As crude protein content of einkorn and rye (only in 2008) were high but sedimentation values were very low, the higher Asn level of both species could be explained by a higher level of soluble nitrogen fractions within the grain mostly stored as Asn.
The level of free Asn followed the order rye > einkorn > emmer > wheat > spelt. Within species, cultivars had a high impact on free Asn amount, as differences of up to 77% were found.
A close relation between free Asn and AA was also found, while crude protein and free Asn did not show any correlation, especially for wheat, where crude protein is most important for baking quality. Thus, choosing cultivars low in free Asn could be a feasible strategy to reduce AA during processing without affecting baking quality.
As heritability was high for wheat and spelt in regard to location, the level of free Asn seems to be influenced by genotype, thus breeding programs specifically for low-Asn cultivars with stable response to different environments and years are of great interest. In this context, the most important question is why species and cultivars differ in their amount of free Asn. Therefore, a deep insight into Asn synthesis is needed to answer this question.
In general, the impact of year has to be considered as free Asn contents were significantly higher in 2008 than in 2006 and 2007. Rye was affected most by year, with levels of free Asn varying up to 32%, while variation of Asn was smaller in wheat and spelt. 
